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Abstract
We consider a model based on the supersymmetric QCD theory with Nc = 2 and
Nf = 3. The theory is strongly coupled at the infrared scale ΛH . Its low energy effective
theory below ΛH is described by the supersymmetric standard model with the Higgs sector
that contains four iso-spin doublets, two neutral iso-spin singlets and two charged iso-spin
singlets. If ΛH is at the multi-TeV to 10 TeV, coupling constants for the F-terms of these
composite fields are relatively large at the electroweak scale. Nevertheless, the SM-like
Higgs boson is predicted to be as light as 125 GeV because these F-terms contribute to
the mass of the SM-like Higgs boson not at the tree level but at the one-loop level. A
large non-decoupling effect due to these F-terms appears in the one-loop correction to the
triple Higgs boson coupling, which amounts to a few tens percent. Such a non-decoupling
property in the Higgs potential realizes the strong first order phase transition, which is
required for a successful scenario of electroweak baryogenesis.
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1 Introduction
Recently, the ATLAS and CMS experiments at the LHC [1] have reported an excess in
the gamma-gamma mode at about 125 GeV, which may be a signal of the Higgs boson. In
the Standard Model (SM), a light Higgs boson is the evidence of the weakly coupled Higgs
sector. In models for physics beyond the SM, however, the light Higgs boson does not always
correspond to a weakly coupled theory. The scenario based on little Higgs models [2] is an
example of a strongly coupled theory with a light Higgs boson, where the Higgs boson arises as
a pseudo Nambu-Goldstone boson originating from the breaking of some strongly interacting
global symmetry at the TeV scale, and the Higgs boson mass is kept to be light.
Supersymmetry (SUSY) is one of the most attractive candidates for the physics beyond the
SM. SUSY can solve the gauge hierarchy problem, as the quadratic divergence in the radiative
correction to the Higgs boson mass is cancelled owing to the non-renormalization theorem.
In addition, elementary scalar fields are automatically introduced in the SUSY theory. The
Higgs sector of the minimal SUSY extension of the SM (MSSM) necessarily contains two Higgs
doublets. In the MSSM, the coupling constants in the Higgs potential are determined by the
electroweak gauge couplings, and the mass of the SM-like Higgs boson is less than the Z boson
mass at the tree level. With significant radiative corrections due to the large top Yukawa
coupling [3], the Higgs mass can be pushed up to around 125 GeV in the case of very large stop
masses or very large left-right stop mixing.
Even within the framework based on SUSY, models with strongly coupled light Higgs boson
can be constructed. A possible way is to introduce additional R-parity-even chiral superfields
which strongly couple to the Higgs sector but the F-terms of which do not contribute to the
Higgs boson four-point coupling. In this case, the SM-like Higgs boson is kept to be light. The
strong couplings have rich phenomenological implications. First, radiative corrections involving
the strongly coupled new fields can raise the SM-like Higgs boson mass to 125 GeV with rather
natural choice of the stop masses and mixing. Second, the strongly coupled fields significantly
contribute to the triple SM-like Higgs boson coupling through loop effects, so that it deviates
by a few tens percent from the SM prediction [4, 5]. A similar non-decoupling effect tends to
enhance the first order electroweak phase transition [6, 7].
In the MSSM, it is not easy to make the first order electroweak phase transition (EWPT)
strong enough to satisfy the sphaleron decoupling condition [8], which is required by the suc-
cessful electroweak baryogenesis [9, 10]. The non-decoupling quantum effect of the additional
scalar bosons through strong F-term coupling with the Higgs boson enhances the first order
EWPT, and the difficulty in the MSSM can be significantly relaxed. The enhancement requires
a light SM-like Higgs boson because its mass works as a suppression factor, and the 125 GeV
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Higgs boson is consistent with the scenario. For example, the first order EWPT can be enough
strong in a SUSY model whose Higgs sector contains four doublets and two charged singlets [7].
In this model, the coupling among the Higgs boson and the extra bosons in the scalar potential
can be taken to be strong, while the quartic self-coupling constants of the Higgs boson are
determined only by the D-term; i.e., by the electroweak gauge couplings, and the Higgs mass
remains light.
When we explore a more fundamental picture of models with strong couplings and a light
Higgs boson, a quite different landscape from the grand unified theory (GUT) over the grand
desert presents itself to us. In models with strong couplings, coupling constants tend to blow up
quickly through the renormalization group running. With sufficiently strong coupling consistent
with successful electroweak baryogenesis, the Landau pole appears at the energy scale of multi-
TeV to 10 TeV, which is much lower than the GUT scale, O(1016) GeV. There should be a
cutoff scale below the energy scale where one comes across the Landau pole. The physics above
the cutoff scale might be controlled by some strong dynamics.
The minimal SUSY fat Higgs model [11] is an example of the theory above the cutoff scale of
a SUSY model with strongly coupled Higgs sector. This model is based on the strong SU(2)H
SUSY gauge theory with three pairs of doublets, (T1, T2), (T3, T4) and (T5, T6). Below the
cutoff scale, Higgs iso-spin doublets, Hu and Hd, and a neutral singlet, N , appear as composite
fields of Ti’s, and the other composite fields are decoupled due to their heavy masses. The
low-energy effective theory is described by the superpotential W = λN(HdHu− v
2
0), where λ is
a coupling constant and v0 is a dimensionful parameter. The effective theory is identical to the
nearly MSSM (nMSSM) [14]. The quartic coupling of the Higgs boson gets a |λ|2 contribution
through the F-term. Since the Higgs mass is dominated by the |λ|2v2 term with v ≃ 174 GeV,
the strong coupling tends to enhance the Higgs mass. For λ ≃ 2 and tan β ≃ 2, the SM-like
Higgs boson mass is as large as 200 GeV, which weakens the first order EWPT too much.
Extensions of the minimal SUSY fat Higgs model to Nc = 3, Nf = 4 and Nc = 4, Nf = 5 are
discussed in refs. [12]. Compositeness in SUSY models is discussed in refs. [13].
In this paper, we propose a new UV-complete model whose low-energy effective theory ac-
comodates strong couplings and a light Higgs boson. The model is based on SU(2)H SUSY
gauge theory with three pairs of SU(2)H doublets. This model leads to two pairs of Y = +1/2
and Y = −1/2 iso-spin doublet composite superfields as well as several iso-spin singlet com-
posite superfields in the low-energy description, which cause flavor changing neutral currents
(FCNCs). To avoid such dangerous FCNCs, we here impose an additional Z2 parity on the
model, which is unbroken spontaneously. This Z2 parity can supply a new candidate for dark
matter, in addition to the R-parity. In our model, unlike the minimal SUSY fat Higgs model,
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Field SU(2)L U(1)Y Z2(
T1
T2
)
2 0 +
T3 1 +1/2 +
T4 1 −1/2 +
T5 1 +1/2 −
T6 1 −1/2 −
Table 1: SM charge and Z2 parity assignments on the SU(2)H doublets, Ti.
the Z2-even singlet field N can be heavy enough to decouple from the low-energy effective the-
ory, but many composite fields remain light. The Higgs sector contains two Z2-even doublets
which are identical to the MSSM-like Higgs doublets and various extra Z2-odd superfields such
as a pair of doublets, two charged singlets and two neutral singlets. The SM-like Higgs boson
mass of 125 GeV can be realized in a natural way because the F-terms of the Z2-odd superfields
contribute to the mass not at the tree level but at the one-loop level. On the other hand, non-
decoupling contributions of these fields in radiative corrections affect the triple Higgs boson
coupling significantly [5], and can make the first order EWPT strong enough through the large
F-term coupling constants [7].
In Section 2, we present the basic framework of SU(2)H SUSY QCD theory with the Z2
parity, whose low-energy description gives a composite SUSY Higgs model. In Section 3, we
investigate general features of the composite SUSY Higgs sector. Generally, F-terms involving
a large coupling λ contribute to the SM-like Higgs boson mass at the tree level, giving rise to
a SM-like Higgs boson much heavier than 125 GeV, as in the minimal SUSY fat Higgs model.
In Section 4, we consider an extended model where we obtain the SM-like Higgs boson as light
as 125 GeV in a natural way. It turns out that its low-energy effective theory describes the
phenomenological model in ref. [7]. Section 5 is devoted to the conclusion.
2 Basic Framework
We introduce a new SU(2) gauge group, denoted by SU(2)H , and six chiral superfields,
denoted by Ti (i = 1, 2, ..., 6), which are doublets of SU(2)H . Ti’s are also charged under SM
gauge groups SU(2)L×U(1)Y . We further assign a Z2 parity to them. SM charge and Z2 parity
assignments to Ti’s are described in Table 1. Regarding SU(2)H gauge group, this model is
nothing but the SUSY QCD theory with 2 colors and 3 flavors, which is investigated in ref. [15].
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SU(2)H gauge coupling becomes strong at an infrared scale, denoted by ΛH . The most general
tree-level superpotential that is invariant under SU(2)H × SU(2)L × U(1)Y × Z2 symmetry is
given by
Wtree =
1
2
m1 tr
[(
T 22 −T
1
2
−T 21 T
1
1
)(
T 11 T
1
2
T 21 T
2
2
)]
+ m3T3T4 + m5T5T6
= m1T1T2 + m3T3T4 + m5T5T6 , (1)
where we assume m1, m3, m5 < ΛH so that the theory remains the SUSY QCD theory with
Nc = 2 and Nf = 3 at the scale ΛH . T
a
1 and T
a
2 (a = 1, 2) respectively indicate the a-th
components of the SU(2)H doublets T1 and T2. In the right hand side of the first line, the first
matrix transforms as (2∗, 2∗) and the second one does as (2, 2) under SU(2)H × SU(2)L. The
trace of their product is thus invaraint under SU(2)H × SU(2)L.
Below ΛH , the theory is described in terms of composite chiral superfields, M
′
ij = TiTj (i 6=
j), which are singlets of SU(2)H . Following the arguments in ref. [15], we see that we have the
following dynamically generated superpotential below ΛH :
Wdyn = −
1
Λ3
ǫijklmn M ′ijM
′
klM
′
mn , (2)
where Λ is some dynamically generated scale. Thanks to holomorphy, the net effective super-
potential is simply the sum of Wdyn and Wtree:
Weff = Wdyn + Wtree
= Wdyn + m1M
′
12 + m3M
′
34 + m5M
′
56 . (3)
Since we cannot determine the Ka¨hler potential only from holomorphy, we take advantage
of Na¨ıve Dimensional Analysis (NDA) [16]. Before using NDA, we note that the terms in Wtree
are exactly proportional to m1/ΛH, m3/ΛH, m5/ΛH because of holomorphy. In NDA, it is
assumed that the other couplings in the effective Lagrangian are O(1) in unit of ΛH and that
the effective theory also becomes strongly coupled at the scale ΛH . Therefore the effective
Lagrangian at ΛH is expressed as
Leff ≃
1
(4π)2
[ ∫
d4θ Λ2H Kˆ
(
M ′
Λ2H
,
Dα
ΛH
,
M ′ †
Λ2H
,
D¯α˙
ΛH
)
+
∫
d2θ Λ3H
{
Wˆ
(
M ′
Λ2H
,
Dα
ΛH
)
+
m1
ΛH
M ′12
Λ2H
+
m3
ΛH
M ′34
Λ2H
+
m5
ΛH
M ′56
Λ2H
}
+ h.c.
]
,
(4)
where the SM gauge interactions are omitted. We rewrite the theory in terms of canonically
normalized composite fields, Mij , which are given by
Mij ≃
1
4πΛH
M ′ij at the scale ΛH , (5)
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and obtain the following canonical effective superpotential below ΛH expressed in terms of
Mij ’s:
Weff ≃ −λ ǫ
ijklmn MijMklMmn + ξΩM12 + ξΦM34 + ξM56 , (6)
where λ, ξΩ, ξΦ, ξ satisfy at the scale ΛH
λ(ΛH) ≃ 4π , (7)
ξΩ(ΛH) ≃
m1ΛH
4π
, ξΦ(ΛH) ≃
m3ΛH
4π
, ξ(ΛH) ≃
m5ΛH
4π
. (8)
Below the scale ΛH , the physical couplings that correspond to λ, ξΩ, ξΦ, ξ are regulated by
the following renormalization group equations:
µ
d
dµ
(
1
λ2
)
≃ −
9
16π2
, (9)
µ
d
dµ
ξ ≃
3
32π2
λ2 ξ , µ
d
dµ
ξΦ ≃
3
32π2
λ2 ξΦ , µ
d
dµ
ξΩ ≃
3
32π2
λ2 ξΩ . (10)
Figure 1 shows the renormalization group running of the physical coupling λ from the scale
ΛH to lower scales. For example, if ΛH ≃ 10 TeV, λ at the scale MZ is ∼ 2. The runnings of
ξΩ, ξΦ, ξ are not so drastic and can be neglected.
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Figure 1: The scale dependence of the physical coupling λ.
We rewrite the composite superfields Mij in the following way to clarify their SM charges:
Hu ≡
(
M13
M23
)
, Hd ≡
(
M14
M24
)
, Φu ≡
(
M15
M25
)
, Φd ≡
(
M16
M26
)
,
N ≡ M56 , NΦ ≡ M34 , NΩ ≡ M12 ,
Ω+ ≡ M35 , Ω
− ≡ M46 , ζ ≡ M36 , η ≡ M45 . (11)
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Field SU(2)L U(1)Y Z2
Hu 2 +1/2 +
Hd 2 −1/2 +
Φu 2 +1/2 −
Φd 2 −1/2 −
Ω+ 1 +1 −
Ω− 1 −1 −
N , NΦ, NΩ 1 0 +
ζ , η 1 0 −
Table 2: Properties of the composite fields under the SM gauge groups and the Z2 parity.
Their SM charges and Z2-parities are summarized in Table 2. The effective superpotential is
then written as
Weff = λ
{
N(HuHd + v
2
0) + NΦ(ΦuΦd + v
2
Φ) + NΩ(Ω
+Ω− + v2Ω)
− NNΦNΩ − NΩζη + ζHdΦu + ηHuΦd − Ω
+HdΦd − Ω
−HuΦu
}
, (12)
where v20, v
2
Φ, v
2
Ω are defined as
v20 ≡ ξ/λ , v
2
Φ ≡ ξΦ/λ , v
2
Ω ≡ ξΩ/λ . (13)
We note that all the three-point couplings are of the same magnitude in this model.
3 Structure of the Effective Theory
First of all, we look for vacua of the Higgs potential in the effective theory. We study in the
SUSY limit and then with soft SUSY breaking terms. In the SUSY limit, the absolute minima
of the superpotential (12) are determined from the tadpole conditions: (∂/∂φ)Weff = 0 for
each field φ at the tree level. Since we are only interested in charge-conserving vacua, we set
H+u = H
−
d = Φ
+
u = Φ
−
d = Ω
+ = Ω− = 0 and study whether the tadpole conditions can be
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satisfied. Charge-conserving vacua are determined from the following tadpole conditions:
0 =
1
λ
∂Weff
∂NΩ
= −NNΦ − ζη + v
2
Ω , (14)
0 =
1
λ
∂Weff
∂N
= −H0uH
0
d −NΩNΦ + v
2
0 , (15)
0 =
1
λ
∂Weff
∂NΦ
= −Φ0uΦ
0
d −NΩN + v
2
Φ , (16)
0 =
1
λ
∂Weff
∂ζ
= H0dΦ
0
u −NΩη , (17)
0 =
1
λ
∂Weff
∂η
= −H0uΦ
0
d −NΩζ , (18)
0 =
1
λ
∂Weff
∂H0u
= −NH0d − ηΦ
0
d , (19)
0 =
1
λ
∂Weff
∂Φ0u
= −NΦΦ
0
d + ζH
0
d , (20)
0 =
1
λ
∂Weff
∂H0d
= −NH0u + ζΦ
0
u , (21)
0 =
1
λ
∂Weff
∂Φ0d
= −NΦΦ
0
u − ηH
0
u , (22)
0 = D = −
1
2
g1 (H
0 †
u H
0
u −H
0 †
d H
0
d) −
1
2
g1 (Φ
0 †
u Φ
0
u − Φ
0 †
d Φ
0
d) , (23)
0 = Da=3 = −
1
2
g2 (−H
0 †
u H
0
u +H
0 †
d H
0
d) −
1
2
g2 (−Φ
0 †
u Φ
0
u + Φ
0 †
d Φ
0
d) , (24)
Since no symmetry forbids the term m1T1T2 in the fundamental Lagrangian, we assume v
2
Ω 6= 0.
Then the only solution to eqs. (14) and (19)-(22) is H0d = Φ
0
d = H
0
u = Φ
0
u = 0, i.e. the
electroweak symmetry is unbroken in the absolute SUSY vacua. At this point, our model
distinctively differs from the minimal SUSY fat Higgs model [11], where non-anomalous U(1)R
charges are assigned to forbid the term m1T1T2 so that the electroweak symmetry breaking
does occur in the SUSY limit. The D-terms are all zero in the absolute SUSY vacua because
we have H0d = Φ
0
d = H
0
u = Φ
0
u = 0. The conditions in eqs. (14)-(16) determine the VEVs of
N,NΦ and NΩ as follows :
〈N〉〈NΦ〉 = v
2
Ω, 〈NΩ〉〈NΦ〉 = v
2
0, 〈NΩ〉〈N〉 = v
2
Φ . (25)
We assume v20 6= 0 and v
2
Φ 6= 0 as no symmetry forbids these terms. We then have 〈NΩ〉 6= 0,
which leads to η = ζ = 0 through eqs. (17) and (18). Note that the Z2 parity is unbroken in
the absolute SUSY vacua.
Since the conditions in eq. (25) have only one solution and the other neutral components
are derived to be zero, we conclude that there is only one charge-conserving absolute SUSY
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vacuum provided v20 , v
2
Φ and v
2
Ω are all non-zero. This vacuum respects the electroweak sym-
metry and the Z2 parity. The non-zero VEVs of N, NΦ and NΩ give rise to effective µ-terms.
Let us proceed to the case with soft SUSY breaking terms. For simplicity, we only introduce
soft SUSY breaking mass terms and Bµ-term forHu andHd, which we denote bym
2
Hu
, m2Hd and
Bµ. We redefine the phases of T3 and T5 to make Bµ and v
2
0 real and positive. We further rotate
the phase of (T1, T2) so that the product of the VEVs of NΦ and NΩ is real. We expand the
potential with respect to Hu, Hd, N,NΩ and NΦ, with setting Φu = Φd = Ω
+ = Ω− = ζ = η = 0.
The tree-level potential is then expressed as
V = m2HuH
†
uHu + m
2
Hd
H†dHd + BµHuHd + h.c.
+ |λ|2|N |2(|Hu|
2 + |Hd|
2)
+ |λ|2|HuHd −NΦNΩ + v
2
0|
2
+ |λ|2|NNΩ − v
2
Φ|
2 + |λ|2|NNΦ − v
2
Ω|
2
+
1
8
g21 (H
†
uHu −H
†
dHd)
2 +
1
8
g22 (H
†
uσ
aHu +H
†
dσ
aHd)
2 . (26)
Using the SU(2)L gauge symmetry, we take H
+
u = 0. Then the condition: (∂/∂H
+
u )V = 0 leads
to H−d = 0, as in the MSSM. From the conditions: (∂/∂H
0 ∗
u )V = (∂/∂H
0 ∗
d )V = (∂/∂H
0
u)V =
(∂/∂H0d )V = 0, we have
1
4
(g21 + g
2
2)(|H
0
u|
2 − |H0d |
2)H0u + (m
2
Hu
+ |λ|2|N |2 + |λ|2|H0d |
2)H0u
+ (|λ|2NΦNΩ − |λ|
2v20 − Bµ)H
0 ∗
d = 0 , (27)
−
1
4
(g21 + g
2
2)(|H
0
u|
2 − |H0d |
2)H0u + (m
2
Hd
+ |λ|2|N |2 + |λ|2|H0u|
2)H0d
+ (|λ|2NΦNΩ − |λ|
2v20 − Bµ)H
0 ∗
u = 0 , (28)
H0uH
0
d = real , (29)
by using the fact that Bµ, v20 and the VEV of NΦNΩ are real. Since the VEV ofH
0
uH
0
d is real, we
can take the VEVs of H0u and H
0
d both real by using the U(1)Y gauge symmetry. We hereafter
denote these VEVs by vu and vd, respectively. The conditions: (∂/∂N)V = (∂/∂NΦ)V =
(∂/∂NΩ)V = 0 and their complex conjugates lead to
N(v2u + v
2
d) + N
∗
Ω(NNΩ − v
2
Φ) + N
∗
Φ(NNΦ − v
2
Ω) = 0 , (30)
N∗Ω(NΦNΩ + vuvd − v
2
0) + N
∗(NNΦ − v
2
Ω) = 0 , (31)
N∗Φ(NΦNΩ + vuvd − v
2
0) + N
∗(NNΩ − v
2
Φ) = 0 , (32)
N∗N∗Φv
2
Ω, N
∗N∗Ωv
2
Φ = real . (33)
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We derive the mass spectrum in the presence of soft SUSY breaking terms. For simplic-
ity, we here assume that v2Φ and v
2
Ω are also real and positive. We assume that |vu|, |vd| ≪√
v20,
√
v2Φ,
√
v2Ω and we make a perturbative expansion of the masses with respect to v
2
u and
v2d. At the zeroth order of v
2
u and v
2
d, the VEVs of N,NΦ and NΩ, denoted by 〈N〉
0, 〈NΦ〉
0 and
〈NΩ〉
0, are given by
〈N〉0 =
√
v2Φv
2
Ω
v20
, 〈NΦ〉
0 =
√
v20v
2
Ω
v2Φ
, 〈NΩ〉
0 =
√
v20v
2
Φ
v2Ω
, (34)
which are the same as those in the SUSY limit. These VEVs respectively correspond to the
SUSY-conserving masses of (Hu, Hd), (Φu,Φd) and (Ω
+,Ω−). In the following discussion, we
use the VEVs of N0, N0Φ and N
0
Ω as the parameters of the model, instead of v
2
0, v
2
Φ and v
2
Ω. The
VEVs of N,NΦ and NΩ at the first order of v
2
u and v
2
d, denoted by 〈N〉
1, 〈NΦ〉
1 and 〈NΩ〉
1,
satisfy the following relations:
 (〈NΦ〉0)2 + (〈NΩ〉0)2 〈N〉0〈NΦ〉0 〈N〉0〈NΩ〉0(〈N〉0)2 + (〈NΩ〉0)2 〈NΦ〉0〈NΩ〉0
(〈N〉0)2 + (〈NΦ〉
0)2



 〈N〉1〈NΦ〉1
〈NΩ〉
1


=

 −〈N〉0(v2u + v2d)0
0

 . (35)
We next study the mass spectrum of the Z2-even Higgs sector. At the first order of v
2
u and v
2
d,
the conditions (26) and (27) reduce to
1
4
(g21 + g
2
2)(v
2
u − v
2
d)vu + ( m
2
Hu
+ |λ|2|〈N〉0 + 〈N〉1|2 + |λ|2v2d ) vu
+ { |λ|2 ( 〈NΦ〉
1〈NΩ〉
0 + 〈NΦ〉
0〈NΩ〉
1 ) − Bµ } vd = 0 ,
(36)
−
1
4
(g21 + g
2
2)(v
2
u − v
2
d)vd + ( m
2
Hd
+ |λ|2|〈N〉0 + 〈N〉1|2 + |λ|2v2u ) vd
+ { |λ|2 ( 〈NΦ〉
1〈NΩ〉
0 + 〈NΦ〉
0〈NΩ〉
1 ) − Bµ } vu = 0 .
(37)
They give the same conditions for the electroweak symmetry breaking as in the Next-to-
MSSM [18] if we define the effective Bµ-term as
Bµeff ≡ Bµ − |λ|
2 ( 〈NΦ〉
1〈NΩ〉
0 + 〈NΦ〉
0〈NΩ〉
1 ) . (38)
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We comment on the range of ΛH favored by the naturalness. NDA implies that the La-
grangian contains the following Ka¨hler potential:
Leff ⊃
∫
d4θ
ΛH
4π
( N +NΦ +NΩ ) (39)
with a O(1) factor for each coupling. We now turn on the effects of soft SUSY breaking. We
introduce a singlet chiral superfield X whose F-term, FX , has a non-zero VEV. We couple X to
the other superfields by contact interactions suppressed by the scale M , where M is indentified
with the Planck scale in the case of gravity mediation and with the messenger scale in the
case of gauge mediation 1. The soft SUSY breaking scale is given by FX/M . With soft SUSY
breaking effects, we have the following Ka¨hler potential that gives extra contributions to the
tadpole terms in eq. (6):
Leff ⊃
∫
d4θ
X†
M
ΛH
4π
( N +NΦ +NΩ ) + h.c.
=
F †X
M
∫
d2θ
ΛH
4π
( N +NΦ +NΩ ) + h.c. . (40)
These extra contributions affect the VEV of N , which is given by
〈N〉 =
√
1
λ(MZ)
√
ξ′Φ ξ
′
Ω
ξ′
, (41)
where ξ′, ξ′Φ and ξ
′
Ω are the sums of the tadpoles in eq. (6) and the extra contributions from
soft SUSY breaking effects, which are expressed as
ξ′ = ξ + a
F †X
M
ΛH
4π
, ξ′Φ = ξΦ + aΦ
F †X
M
ΛH
4π
, ξ′Ω = ξΩ + aΩ
F †X
M
ΛH
4π
, (42)
where a, aΦ and aΩ are all O(1). On the other hand, to break the electroweak symmetry
without unnatural cancellation between the effective µ-term λ(MZ)〈N〉 and the soft SUSY
breaking terms m2Hu and m
2
Hd
, we require that λ(MZ)〈N〉 be smaller than about 1 TeV, which
is equivalent to √
ξ′Φ ξ
′
Ω
ξ′
.
1√
λ(MZ)
× 1 TeV . (43)
1Notice that since the superfields N,NΦ and NΩ are composites of the fundamental superfields Ti’s, which
are charged under the SU(2)H gauge group, gauge mediation can induce soft SUSY breaking terms for N,NΦ
and NΩ even if they are gauge singlets.
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To satisfy the above condition in the presence of soft SUSY breaking effects, it is required that√∣∣∣∣FXM
∣∣∣∣ ΛH4π . 1√λ(MZ) × 1 TeV . (44)
Assuming that the soft SUSY breaking scale FX/M is about 1 TeV and λ(MZ) is O(1), we
obtain the following estimate on the upper bound of ΛH suggested by the naturalness:
ΛH . 4π × 1 TeV . (45)
Now that we know the favorable range of ΛH , we discuss the mass of the SM-like Higgs boson,
mh, which depends on ΛH via λ(MZ). In the decoupling limit, mh is given at the tree level
by [18]
m2h ≃ M
2
Z cos
2(2β) + λ(MZ)
2v2 sin2(2β) . (46)
Here we introduce tan β ≡ vu/vd as usual. Since the naturalness suggests ΛH . 10 TeV, we
have λ(MZ) > 1.9, according to Figure 1. Therefore, to realize the Higgs boson mass of 125
GeV, we need large tan β so that the contribution from the second term in eq. (46) is suppressed.
Finally we comment on how the SM Yukawa couplings of appropriate magnitudes can be
derived in this model, especially for the O(1) top quark Yukawa coupling. We adopt the
mechanism proposed in refs. [17, 11]. First we introduce two additional SU(2)H doublets, T7
and T8, which have the tree-level mass term below:
W7 = m7T7T8 , (47)
where m7 > ΛH is assumed. Above the scale m7, our model is described by the SUSY QCD
theory with two colors and four flavors and is in the superconformal window. We assume that
this theory approaches the infrared fixed point at some scale Λ4 > m7 and becomes nearly
conformal. At the scale m7, the fields T7 and T8 decouple and the theory becomes the SUSY
QCD theory with two colors and three flavors. Through renormalization group evolutions, the
wavefunctions of Ti’s receive large corrections of
Z ≃
(
m7
Λ4
)γ∗
, (48)
where γ∗ denotes the anomalous dimension at the infrared fixed point, which equals to (3Nc−
Nf )/Nf = 1/2 for the Nc = 2 and Nf = 4 SUSY QCD theory. By introducing new SU(2)H
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singlets with SUSY-conserving mass Mf ∼ ΛH and integrating them out, it is possible to have
the following higher-dimensional superpotential at the scale ΛH :
Wf =
1
Mf
Z−1hiju (T1T3, T2T3)QiUj + · · · , (49)
where hiju denotes the Yukawa coupling in the fundamental theory, whose value is at most O(1)
and the factor of Z−1 comes from the wavefunction renormalization of Ti’s. Therefore the
fundamental theory may not contain any Landau pole below the Planck scale, and the theory
can be UV-complete. We find that, below the scale ΛH , the term in eq. (49) reduces to the
following term:
Wf ≃
ΛH
4πMf
Z−1hijuHuQiUj + · · · (50)
by using NDA. We can cancel the suppression factor of 1/4π by the enhancement factor of Z−1
with appropriate values of Λ4 and m7. In particular, we can derive the O(1) top quark Yukawa
coupling below ΛH .
4 A Natural Model for the Light Higgs Boson from SUSY
Strong Dynamics
In this section, we present a simple UV-complete model where the SM-like Higgs boson
strongly couples to other fields in the Higgs sector, but its mass is naturally as light as 125
GeV. This model arises as the low-energy effective theory of the SUSY QCD theory with Nc = 2
and Nf = 3 with an additional SU(2)H singlet chiral superfield. The singlet induces a large
SUSY-conserving mass for N , so that N decouples from the theory below ΛH and the term
NHuHd disappears from the effective superpotential. The effective theory has a similar struc-
ture to the “Four Higgs doublets and two charged singlets” (4HDΩ) model [7].
We introduce a SU(2)H singlet chiral superfield, S, which is neutral under the SM gauge
groups and is Z2-even. The superpotential involving S generally takes the following form
2:
∆W = ( y1T1T2 + y3T3T4 + y5T5T6 ) S +
MS
2
S2 +
κ
3
S3 . (51)
2The possible tadpole term for S can be eliminated by shifting the value of S.
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The coupling constants y1, y3 and y5 are assumed to be at most O(1) at the scale Λ4, so that
they remain finite up to the Planck scale. For simplicity, we here assume y5 ≫ y1, y3
3. At
scales below Λ4, they are enhanced by the same mechanism as the Yukawa couplings described
in the previous section; renormalization group running from the scale Λ4 to m7 enhances them
by the factor of Z−1. We assume that MS is of the order of ΛH . Then S can be integrated out
in the effective theory below ΛH . We obtain
∆W = −
y25Z
−2
2MS
(T5T6)(T5T6) . (52)
After using NDA, this becomes the following term in the effective superpotential:
∆Weff ≃ −
y25Z
−2
2MS
Λ2H
(4π)2
N2 = −
MN
2
N2 (53)
where MN is defined as
MN ≡
y25Z
−2
MS
Λ2H
(4π)2
. (54)
Since the factor of Z−2 compensates the suppression factor of 1/(4π)2, we have the relation:
MN ∼ ΛH when y5 is O(1).
We study how the term in eq. (53) modifies the model with the relation MN ∼ ΛH . First
we look for charge-conserving absolute SUSY vacua, using the conditions eqs. (14)-(24), but
eq. (15) is replaced with
0 = −H0uH
0
d −NΩNΦ + v
2
0 −
MN
λ
N . (55)
From eqs. (14) and (19)-(22), we again have H0d = Φ
0
d = H
0
u = Φ
0
u = 0. It follows that
ζ = η = 0. We obtain the following relations:
NNΦ = v
2
Ω, NΩNΦ = v
2
0 −
MN
λ
N, NΩN = v
2
Φ . (56)
Let us take those values of m1, m3 and m5 which satisfy the following relations:
m25 & 4πΛHm1/λ(MZ) , m
2
5 & 4πΛHm3/λ(MZ) , (57)
λ(MZ)
m5ΛH
4π
≪ Λ2H , (58)
3When y1 and y3 are as large as y5, we have to take into account the mixings among N,NΦ and NΩ in the
effective theory. This complicates the model, although it does not affect the main results of our discussion.
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or equivalently
ξ2 & ξΦM
2
N/λ(MZ) , ξ
2 & ξΩM
2
N/λ(MZ) , (59)
λ(MZ)ξ ≪ M
2
N , (60)
where the scale dependences of ξ, ξΦ and ξΩ are negligible. The VEV of N is then approximately
given by
〈N〉 ≃
ξ
MN
=
λv20
MN
, (61)
and eventually the VEVs of NΦ and NΩ are given by
〈NΦ〉 ≃
1
λ
ξΩ
ξ
MN =
1
λ
v2Ω
v20
MN , 〈NΩ〉 ≃
1
λ
ξΦ
ξ
MN =
1
λ
v2Φ
v20
MN . (62)
Since N has the large SUSY-conserving mass of order ΛH , we may integrate it out in the
effective theory below ΛH . We then obtain the following superpotential:
Weff = λ
{
NΦ(ΦuΦd + v
2
Φ) + NΩ(Ω
+Ω− + v2Ω)
− NΩζη + ζHdΦu + ηHuΦd − Ω
+HdΦd − Ω
−HuΦu
}
+
λ2
2MN
(HuHd + v
2
0 −NΦNΩ)
2 . (63)
We expand the fields NΦ and NΩ around their VEVs and replace them respectively with 〈NΦ〉+
nΦ and 〈NΩ〉+ nΩ, where nΦ and nΩ denote their physical components. The superpotential is
then expressed as
Weff = λ
{ (
v2Ω
λv20
MN + nΦ
)
(ΦuΦd + v
2
Φ) +
(
v2Φ
λv20
MN + nΩ
)
(Ω+Ω− + v2Ω)
−
(
v2Φ
λv20
MN + nΩ
)
ζη + ζHdΦu + ηHuΦd − Ω
+HdΦd − Ω
−HuΦu
}
+
λ2
2MN
(
HuHd + v
2
0 −
v2Φv
2
Ω
λ2v40
M2N −
v2Ω
λv20
MNnΩ −
v2Φ
λv20
MNnΦ − nΦnΩ
)2
, (64)
which can be rewritten as
Weff = −µ(HuHd − nΦnΩ)− µΦΦuΦd − µΩ(Ω
+Ω− − ζη)
+ λ
{
HdΦuζ +HuΦdη −HuΦuΩ
− −HdΦdΩ
+ + nΦΦuΦd + nΩ(Ω
+Ω− − ζη)
}
+ · · · , (65)
where the effective µ-terms are given as
µ = −
λ2
MN
(
v20 −
v2Φv
2
Ω
λ2v40
M2N
)
≃ −
λ2v20
MN
, µΦ = −
v2Ω
v20
MN , µΩ = −
v2Φ
v20
MN . (66)
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For µ, we make an approximation using the relations in eqs. (59) and (60). Notice that we
have |µ| & |µΦ|, |µ| & |µΩ| because of the relation in eq. (59).
So far, we have shown that
• N can be integrated out from the effective theory below ΛH so that there is no three-point
coupling for Hu and Hd.
• The VEV of N still gives the effective µ-term, which can take an appropriate value.
• The VEVs of NΦ and NΩ can be of the same order as or smaller than that of N so that
Φu,d and Ω
± do not decouple.
Consequently, the model can reduce to the “Four Higgs doublets and two charged singlets”
(4HDΩ) model [7], with additional superfields nΦ and nΩ which have little impact on the main
features of the model because their tree-level couplings to the MSSM Higgs fields, Hu and Hd,
are suppressed by powers of 1/ΛH.
Before discussing the mass of the SM-like Higgs boson, we again comment on the range of
ΛH that is favored by the naturalness. The naturalness of the electroweak symmetry breaking
requires that the effective µ-term for Hu and Hd be smaller than about 1 TeV:
λ(MZ)〈N〉 = µ . 1 TeV . (67)
Additionally, in order that the fields Φu,Φd and Ω
± remain in the effective theory, the terms of
µΦ and µΩ should be smaller than 1 TeV:
λ(MZ)〈NΦ〉 = µΦ . 1 TeV , λ(MZ)〈NΩ〉 = µΩ . 1 TeV . (68)
On the other hand, soft SUSY breaking terms in the Ka¨hler potential:
Leff ⊃
F †X
M
∫
d2θ
ΛH
4π
( N +NΦ +NΩ ) + h.c. . (69)
give extra contributions to the tadpoles in eq. (5), as we have discussed in Section 3. The
VEVs of N,NΦ and NΩ are then given by
〈N〉 ≃
ξ′
MN
, 〈NΦ〉 ≃
1
λ(MZ)
ξ′Ω
ξ′
MN , 〈NΩ〉 ≃
1
λ(MZ)
ξ′Φ
ξ′
MN , (70)
where ξ′, ξ′Φ and ξ
′
Ω contain the extra contributions from soft SUSY breaking effects and can be
written as
ξ′ = ξ + a
F †X
M
ΛH
4π
, ξ′Φ = ξΦ + aΦ
F †X
M
ΛH
4π
, ξ′Ω = ξΩ + aΩ
F †X
M
ΛH
4π
, (71)
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where a, aΦ and aΩ are all O(1). In order to solve the gauge hierarchy problem, the soft SUSY
breaking scale FX/M is at most 1 TeV. Soft SUSY breaking then always respect the condition
eq. (67). To satisfy the conditions eqs. (68) in the presence of soft SUSY breaking effects, we
need to have
ΛH . 4π × 1 TeV . (72)
As we know the range of ΛH that is favored by the naturalness and that gives not so heavy
Φu,Φd and Ω
±, we calculate the mass of the SM-like Higgs boson mh. The mass depends on the
coupling constant λ through radiative corrections involving the scalar and fermion components
of Z2-odd fields Ω
±, Φ+u , Φ
−
d , ζ and η. Hence mh depends on ΛH through the scale dependence of
λ. Here we consider the case with µΩ = µΦ = 0 for simplicity. The charginos still obtain masses
from the VEVs of the Higgs fields. In this simple case, the Z2-odd scalars do not mix with each
other. Thus the corrected mass of the SM-like Higgs boson is approximately expressed as
m2h ≃ m
2
Z cos
2 2β + (MSSM-loop) +
λ4v2
8π2
(
c4β ln
m2Ω+m
2
Φ±
d
m2Φ0um
2
ζ
m4
χ˜′±
1
m4
χ˜′0
1
+ s4β ln
m2Ω−m
2
Φ±u
m2
Φ0
d
m2η
m4
χ˜′±
2
m4
χ˜′0
2
)
,
(73)
where mΦ±u (mΦ±d
) and mΦ0u(mΦ0d) are the masses of charged scalars and neutral scalars from
Z2-odd doublet Φu(Φd), mΩ± and mζ,η are the scalar masses of Z2-odd charged singlets and
Z2-odd neutral singlets respectively, mχ˜′±
1,2
are the Z2-odd chargino masses, and mχ˜′0
1,2
are the
Z2-odd neutralino masses. The mass eigenstates of the neutralinos and charginos in this simple
case are written as χ˜′01 = (ζ˜ ,
¯˜Φ0d)
T , χ˜′02 = (η˜,
¯˜Φ0u)
T , χ˜′+1 = (Ω˜
+, ¯˜Φ+d )
T , and χ˜′−1 = (Ω˜
−, ¯˜Φ−u )
T . The
Z2-odd scalar masses can be typically expressed by m
2
φ′ = m¯
2
φ′+(k
′g′2+kg2+cλ2)v2, where m¯2φ′
denotes the soft SUSY breaking scalar mass 4. For the soft SUSY breaking masses, we consider
three benchmark sets of parameters shown in Table 3. When the contribution coming from the
Higgs VEV dominates the mass, significant non-decoupling effects can arise [4, 5]. Since we are
interested in such non-decoupling cases, some soft SUSY breaking parameters are taken to be
as light as 50 GeV.
The SM-like Higgs boson mass for benchmark parameter sets are shown in Figure 2. Here
we fix the parameters in the stop sector as m¯2
t˜L
= m¯2
t˜R
= 1000 GeV and the left-right mixing
parameter as Xt = At + µ cotβ = 500 GeV. The MSSM Higgs parameters are fixed as µ =
200 GeV, mA = 500 GeV and tanβ = 3. With this parameter set, the SM-like Higgs boson
mass in the MSSM is evaluated asmh ≃ 102.3 GeV [19]. In our model, the SM-like Higgs boson
mass can get significant contributions from loop diagrams involving the Z2-odd fields due to
the large coupling constant λ, in addition to the loop contributions from top quark fields. The
4 Because Φ±u (Φ
±
d
) and Φ0u(Φ
0
d
) are the components of Φu (Φd), m¯
2
Φ
±
u
= m¯2
Φ0
u
and m¯2
Φ
±
d
= m¯2
Φ0
d
are satisfied.
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Table 3: Benchmark sets of model parameters. µΦ, µΩ and the relevant B-terms are set to be
zero for simplicity. For the MSSM parameters, we fix m¯2
t˜L
= m¯2
t˜R
= 1000 GeV, the left-right
mixing parameter Xt = At + µ cotβ = 500 GeV, µ = 200 GeV, mA = 500 GeV and tanβ = 3.
Masses are given in GeV.
Set m¯Φ0u = m¯Φ±u m¯Φ0d = m¯Φ±d
m¯Ω− m¯Ω+ m¯ζ m¯η
A 50 350 50 350 50 350
B 50 400 50 400 50 400
C 50 450 50 450 50 450
size of the corrections depends on the soft SUSY breaking parameters. As shown in Figure 2,
the SM-like Higgs boson mass mh can reach to 125 GeV by the radiative corrections.
5 10 15
117
121
125
129
2.5 2.2 2.1 2. 1.9 1.8
m
h
[G
eV
]
ΛH [TeV]
λ(mZ)
Figure 2: The SM-like Higgs boson mass mh. The solid, dashed, and dotted curves correspond
to the benchmark sets A, B, and C given in Table 3 respectively. The MSSM parameters are
fixed as m¯2
t˜L
= m¯2
t˜R
= 1000 GeV, Xt = 500 GeV, µ = 200 GeV, mA = 500 GeV and tan β = 3.
In Table 4, the values of ΛH and λ corresponding to mh = 125 GeV are displayed. Once
these values are fixed, we can find out the mass spectrum for the Z2-odd particles in each
benchmark as shown in Table 5. Since they are non-colored particles, linear colliders can have
an advantage on the direct searches for them.
As shown in ref. [7], the F-terms from the couplings among the MSSM-like Higgs dou-
blets, the Z2-odd doublets and the charged singlets can significantly enhance the first order
electroweak phase transition if the coupling constant is as large as λ ∼ 2. The Z2-odd neutral
singlets can also contribute to making the phase transition stronger by the precise enhance-
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Table 4: The cutoff scale ΛH and the coupling constant λ for realizing mh = 125 GeV in each
benchmark set.
Set ΛH [TeV] λ(mZ)
A 3.8 2.1
B 6.4 2.0
C 10.2 1.9
Table 5: The mass spectrum of the Z2-odd particles for mh = 125 GeV in each benchmark set.
Masses are given in GeV.
Set mΦ±u mΦ±d
mΦ0u mΦ0d mΩ− mΩ+ mζ mη mχ˜′±1 mχ˜
′±
2
mχ˜′0
1
mχ˜′0
2
A 353.6 371.7 140.2 493.5 354.1 371.2 369.2 356.2 117.6 352.7 117.6 352.7
B 331.9 417.2 134.2 516.0 332.5 416.7 414.9 334.7 110.3 331.0 110.3 331.0
C 315.6 464.0 129.7 546.0 316.2 463.7 462.1 318.5 104.9 314.6 104.9 314.6
ment mechanism. Then the sphaleron decoupling condition required by successful electroweak
baryogenesis is satisfied more easily. On the benchmark points chosen in the analysis, the first
order electroweak phase transition is strong enough.
5 Conclusions
We have shown that the SUSY QCD theory with Nc = 2 and Nf = 3 with one fundamental
singlet S can give the strongly coupled Higgs sector containing four iso-spin doublets, two
charged singlets and two neutral singlets as the low-energy description. Since the cutoff scale
ΛH is as low as multi-TeV to 10 TeV, the coupling constant λ in the Higgs sector is as large
as ∼ 2. In our model, however, the SM-like Higgs boson is naturally light because the F-terms
do not contribute to its mass at the tree level, while radiative corrections involving strongly
coupled fields in the Higgs sector are large enough to raise the SM-like Higgs boson mass to
125 GeV.
We comment on collider signatures of our model. The model contains many new Z2-odd
charged and neutral scalars and fermions with masses of several hundred GeV. The lightest
one is definitely stable beacuse of the Z2 parity.
5 At the LHC, Z2-odd particles are pair-
5 The lightest Z2-odd scalar and fermion can be both stable if their mass difference is smaller than the
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produced through electroweak interactions, and decay into two lightest Z2-odd particles, two
lightest R-parity odd particles and several SM particles. (For early studies, see refs. [20].)
The most clear signatures of the model are events with two or three leptons and large missing
transverse momentum. The results from the searches for slepton, chargino and neutralino direct
productions by ATLAS collaboration [21] apply to our model. The current bound [21] is mild
and our benchmark spectra of Table 5 may not have been excluded yet.
At the tree-level, the SM-like Higgs boson couples to MSSM particles in the same way
as the MSSM. It also couples to Z2-odd particles through large coupling constant λ, but its
decay width and branching ratios at the tree-level are not altered if the mass of the light Z2-odd
particle is larger than half the SM-like Higgs boson mass. The branching ratio into two photons
can be significantly affected by loop corrections involving Z2-odd charged scalars and fermions
that strongly couples to the SM-like Higgs boson. They can enhance or suppress the branching
ratio depending on the parameters. Also, the triple coupling for the SM-like Higgs boson, which
has been studied in refs. [4, 5], receives large corrections from loops involving Z2-odd doublets
and singlets. It thus significantly deviates from the SM prediction, and such deviation can be
observed through future collider experiments.
Finally we comment on a possible extension of the model. In the present model, the large
coupling constant λ with the 125 GeV SM-like Higgs boson can make the first order electroweak
phase transition strong enough to enable electroweak baryongenesis [7]. In addition, the light-
est Z2-odd field can be another source of dark matter than the lightest R-parity-odd field as
long as it is electrically neutral. Furthermore, the model can be extended to explain the tiny
neutrino masses. By introducing Z2-odd right-handed neutrino superfields whose Majorana
masses are at the TeV scale, the tiny neutrino masses can be generated at loop levels [22, 23].
With this extension of the model, we may be able to build the testable theory in which baryon
asymmetry of the Universe, dark matter and the tiny neutrino masses can be simultaneously
explained from the UV-complete SUSY strong dynamics around multi-TeV to 10 TeV without
excessive fine-tuning. We leave these topics for future studies.
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